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INTRODUCTION
This paper describes an experiment in which very short (ps) laser pulses are used to produce a photovoltage in an ordered thin-film sample of bacteriorhodopsin (BR). The photovoltage is the result of light-induced charge separation within the BR sample (1) . The rise time of the photovoltage is measured by using an ultrafast digital sampling oscilloscope based on the Josephson junction effect. To our knowledge this is the fastest photovoltage rise time ever observed in a biological sample.
BR is a membrane protein found in the cell membrane wall of Halobacterium halobium where it functions as a light-driven proton pump (2) . The protein occurs naturally in an ordered two-dimensional array, the purple membrane (PM) sheet. Each PM sheet is 1 (6, 7) . However, the instrumentation used for these experiments had a bandwidth of < 14 GHz, and the rise time quoted is based on a mathematical analysis of the experimental data. The instrumentation used for the experiments in the present work has a bandwidth in excess of 70 GHz, and the results show that the earliest charge separation in the protonpump cycle is faster than 5 ps.
MATERIALS AND METHODS
BR in the form of PM sheets was isolated from strain JW-3 of H. halobium using a technique described by Becher and Cassium (8) . An orientated sample of BR was prepared using the following procedure: PM is first washed in ultrapure distilled water and then resuspended at -4 mg/ml in distilled water. A drop of this solution (30 Al) is placed on a transparent indium tin oxide (ITO) glass electrode and covered with a second electrode 1 mm away. The aqueous suspension of PM forms a bridge between the electrodes. A PM sheet at pH 7 has both a net charge (negative) and an electric dipole moment. Therefore, when a potential (2 V) is applied between the electrodes, the PM sheets migrate and orient within the aqueous solvent. The oriented PM sheets are deposited onto the anode (ITO glass electrode) with the cytoplasmic (negative) side toward the electrode. The PM sheets on the anode retain their orientation when the electrodes are separated and the sample is dried. Samples are exposed to room air and therefore retain bound water. The area of the dried BR film on the transparent glass electrode is -4 mm2. The degree of orientation of the BR molecule within the film is not known at this time. Fig. I shows the assembled BR sample cell with the ITO Glass electrode and BR film. A thin 6-Mm Teflon film separates the BR film from the center electrode of the sample cell. Light-induced charge displacements within the BR molecule are capacitively coupled to the electrodes of the sample cell (1) .
An ultrafast digital sampling oscilloscope (model PSP-1000; Hypres Inc., Elmsford, NY) was used to measure the transient photovoltage from the oriented BR sample. The sample cell (Fig. I) ing input circuitry to achieve ultrafast response. It is necessary to internally trigger the oscilloscope to achieve the highest time resolution, and this requires at least a 10-mV signal. The present response of our BR sample (<1 mV per AJ) requires that we have picosecond laser pulses with an energy in excess of 10 AtJ per laser light pulse.
A dye laser (model 375B; Spectra Physics, Inc., Mountain View, CA) synchronously pumped by an Argon ion mode locked cw laser (Spectra Physics) was used as a source of the picosecond light pulse. The light pulses from the dye laser have an energy of 5 nJ, a repetition rate of 82 MHz, a pulse width of 3.0 ps, and a wavelength of 595 nm. A longitudinal pumped three-stage dye amplifier chain (9) was built to amplify the pulses from the dye laser. The amplifier was pumped by a Q-switched Nd:YAG laser (model GCR-1 1-3; Spectra Physics, Inc.) operating at 10 Hz. The energy of the output light pulse from the dye amplifier was -300 MJ with a pulse width of 3.0% 0.5 ps, a repetition rate of 10 Hz, and a beam diameter of 6 mm. The last stage of the amplifier is run at saturation to produce stable (constant-energy) light pulses. Fig. 2 shows the transient photovoltage from the oriented BR sample when it is illuminated with 300-,uJ, 3-ps laser light pulses at a wavelength of 595 nm. Data were taken using the Hypres ultrafast digital sampling oscilloscope and was sampled at 10 Hz for -25 min. The rise time of the transient photovoltage shown in Fig. 2 is slightly faster than 5 ps and is consistent with the fastest rise time that can be resolved using the Hypres oscilloscope. The photovoltage rise time of the BR sample is therefore <5 ps. The rise time of the photovoltage signal from the BR sample cell is determined by the time required for charge separation to occur in the BR molecule after absorption of a photon.
RESULTS AND DISCUSSION
Charge separation within the BR molecules causes a change in the surface charge on the electrodes (1). This launches the electromagnetic wave in the sample cell. The limited bandwidth of the "K" connector, which separates the sample cell from the superconducting circuitry of the Josephson junction, causes a rolloff of the high-frequency response.
The measured decay time of the photovoltage after illumination by the laser light pulse was -250 ps. This decay time is in agreement with the system's RC time constant, which is determined by the input impedance of the oscilloscope (50 Q) and the capacitance of the BR sample cell (4-5 pF).
Kononenko et al. (10) suggest that the initial phase of the photovoltage transient is associated with the 3-ps rise time of the K photointermediate. This is consistent with the experiments of Trissl et al. (7) , which indicate that irradiation of K to produce BR leads to a light-induced charge displacement that is opposite in direction to the BR to K light-induced charge displacement. K is a 1 3-cis conformation of the retinal. The 13-trans to 13-cis isomerization of the retinal causes a movement of the protonated Schiff base away from its negative counter ion on the opsin and may be the molecular event associated with the initial photovoltage transient. This molecular event takes place in -450 fs (4, 5) .
The techniques used for the photovoltage-rise-time measurements on BR are directly applicable to lightinduced charge-separation measurements in other inorganic, organic, and biological systems and, in particular, early events associated with charge separation in photosynthesis.
The techniques described here could be extended to give even better time resolution. The bandwidth of the Hypres oscilloscope can be extended to 100 GHz by changing only the input connector of the oscilloscope. A Josephson junction oscilloscope is capable, in principle of resolving I-ps rise times (1 1). However, the geometry of the superconducting input circuit of the Hypres oscillo-scope would have to be changed to accomplish this. The longitudinal dye-amplifier chain can amplify laser-light pulses with a pulse width of 1 ps (9), and pulse compression can be used to shorten the pulse width of the dye laser.
